The mass transfer at a rotating-disk electrode with an external forced convection has been studied in this paper. The mass-transfer factor of the forced-convective rotating disk suitable for Schmidt numbers greater than 1 is presented. The limiting currents of the ferricyanide reduction at various forced-flow strength and rotating speeds were measured experimentally and used to estimate the mass transfer at the forced-convective rotating disk. It is found that the experimental results agree very well with the values calculated theoretically.
The fluid flow and mass transfer (or heat transfer) near a rotating disk in the presence of an external forced flow is an interesting problem worthy of investigation. There are two limiting cases of this flow type. One is the flow induced by a rotating disk, which is well known in electrochemistry, and the other is the axisymmetrical flow with stagnation on a planar wall. Both have been applied extensively in many fields I-~"
The solution of fluid flow induced purely by a rotating disk was first obtained by yon K~rm~n ~ and later by Cochran 6 . The works of yon K~rm~n and Cochran have stimulated numerous authors to study fluid flow near a rotating disk by using various methods. The relevant heat or mass transfer to a rotating disk has been studied extensively. The asymptote derived by Levich I is suitable for high Schmidt numbers. Corrections to this asymptote were presented by Sparrow and Gregg 7, Newman 8, and Liu and Stewart ~, respectively, so they can be applied to moderate and low Schmidt numbers. Generally, the experimental data were found to have good agreement with the theoretical values for laminar flow 1~ As for transition (3 x 105 < Re < 106) and turbulent flows (Re > 106), most of the studies were experimental approach and correlations applied to various regions of Reynolds numbers are available in the literature 12,14,15. On the other hand, the impinging jet on a flat plate is also an interesting flow which can provide "uniform accessibility" at its center spot for heat or mass transfer similar to that on a rotating disk. Because of this property it receives the same attention as the rotating disk. From the results in the literature 4 ' 16-19 , it is concluded that the local transfer rate depends on the Reynolds number of the fluid in the nozzle, the Schmidt number of the diffusing species, the nozzle height, and the radial position on the plate. The dependences on these parameters are somewhat different in the stagnation and wall-jet regions on the impinged plane 4'~-I~. The flow pattern in the nozzle also plays an important role in heat or mass transfer of an impinging jet. Scholtz and Trass 16 considered an impinging jet with a parabolic velocity distribution. In addition to the theoretical and experimental examinations of fluid flow, the local mass-transfer coefficients:/l~have been calculated theoretically and compared with the experimental data for the airnaphthalene system. It was pointed out that even at equal Reynolds numbers, the mass transfer observed for a nonuniform jet at the stagnation point is two times that calculated for a uniform jet. Recently several investigators utilized the impinging jet system for electrochemical studies 18-22. Chin and Tsang 2~ presented both the theoretical and experimental studies of mass transfer at a circular disk electrode in the stagnation region of an impinging jet. Part of their theoretical analysis was essentially a limiting case * Electrochemical Society Active Member. of this study. Chin and Chandran 21 extended the study to a ring disk electrode and tried to develop the impinging jet as a practical tool for electroanalytical applications. Alkire and Chen 22 utilized an unsubmerged jet system to study high-speed selective electroplating. Mass-transfer measurements were carried out in the impingement zone by using disk electrodes of different radii and in the wall-jet region by using a sectioned electrode, respectively. As for the mass transfer in the impingement zone, the experimental data were within 10% of the correlation presented by Chin and Tsang 2~
As for the fluid flow and mass transfer of a rotating disk coupled with an external forced convection, Hannah 23 first gave the solution for the forced-convective rotating disk by expressing the velocity profiles near the disk surfa'ce in power series which were similar to those by Cochran% There were some flow constants to be determined, and these constants were obtained numerically through a tedious procedure of trial and integration. Afterwards, Schllchting and Truckenbrodt 24 obtained an approximate solution by using the integral method and assuming the velocity components in the radial and azimuthal directions as polynomials of the dimensionless distance from the wall, which fulfill the constrained boundary conditions at the wall and at the edge of the boundary layer. The relevant heat-transfer problem in this flow field was solved numerically by Tien and Tsuji 26. Hannah's velocity functions were used to obtain the temperature profile. Besides the numerical calculations for moderate Prandt] numbers, asymptotic heat-transfer relations for large and small Prandtl numbers were also given. Recently, Lee et al. 26 extended the problem to the more general case of heat transfer over rotating bodies. The momentumand heat-transfer rates were calculated numerically by employing Merk's seriesexpansion technique. Koong and Blackshear 27 computed the average Nusselt number for the rotating disk in approach flow by measuring the mass-transfer rates of naphthalene sublimation in air (Sc = 2.4). They found that the experimentally measured Nusselt numbers agreed with the theoretical results modified from the correlation of Schllchting and Truckenbrodt 24.
In this paper, the velocity field will be estimated from the Navier-Stokes equation, and the flow constants pertinent to the expanded series will be presented as functions of the dimensionless flow constant of the external forced flow. The corresponding mass-transfer correlation which is value for Sc > i is also formulated. To confirm the theoretical analysis, we also utilize an electrochemical method to measure the mass-transfer rates at the forced-convective rotating disk. Electrochemical measurement is convenient and avoids the problems such as surface roughness and simultaneous heat transfer which arises in measuring mass-transfer rates by sublimation from a solid surface. This study also lays the foundation for analyzing the mass transfer of a two-phase flow system at a rotating disk with an external forced convection.
Theoretical
The flow system considered here is a uniform, normal, laminar forced flow of an incompressible fluid against a rotating disk of infinite radius as indicated in Fig. 1 . If the flow is axially symmetrical, under steady state, the governing Navier-Stokes equation may be reduced to a set of ordinary differential equations by introducing the following variables 23
where ~ is a dimensionless distance from the disk surface, and k is a hydrodynamic constant which indicates the intensity of the forced flow. The definition of k will be related to the free-stream velocity U in a later section (see Eq. 26).
Other variables are defined in the list of symbols. The equations of continuity and motion become continuity
The boundary conditions after the above transformation are at and at 4=0 F=H=O G=I [6] ~ --> ~ F = K G=0 [7] where F~ = 0)/;% K = k/E, and ~2 + K 2 = 1. For very large ~ (far from the surface), H will approach
where C is a flow constant which needs to be determined in the numerical computation to satisfy Eq. The above equations are handy in calculating a, b, and C for various values of the dimensionless forced-flow constant K; the standard deviations are 0.00098 for a, 0.00087 for b, and 0.0042 for C, respectively. If the disk is infinitely large and the interracial concentration is uniform, the concentration profile is independent of the r and 0 directions, and the convective diffusion equation in dimensionless form at steady state becomes 0" -ScHO' = 0 [15] with the boundary conditions
where Sc is the Schmidt number, v/Di, and O represents the dimensionless concentration. The Sherwood number for mass transfer is expressed as 
O' (O)= foexp {Scf: [18]
The complete solution for Sherwood number was found by numerical integration. The resulting dimensionless mass-transfer factor Sh/Sc ~/3 as a function of the forcedflow strength K at various Schmidt numbers is shown in Fig. 2 .
Asymptotic solution of mass transfer.--Equation 11 is
substituted into Eq. 18, and part of the integrand in Eq. 18 is expanded in power series of Sc, the Sherwood number is formulated as 9' 2m3~
Sel/3
Sh -fl +f2S c-u~ +f3Sc 2/3 + f4Sc-1 + f5Sc-4/3 +... [19] where (2) and [20] g,= g2=12\a / g3=~ btl2
v3 [21] g4 = l--~ Thus, the values of f~ and g, can be estimated for any set of flow constants a and b, which depend on the forced-flow strength K and are estimated according to Eq. 12-14 or the numerical computation. The dimensionless mass-transfer factor Sh/Sc u3 calculated by Eq. 19 and the complete solution are listed in Table II . The complete solution is computed directly from Eq. 18. It is shown that the values predicted by the asymptotic formula, Eq.19 can be valid down to Sc = 1. If the Schmidt number is large enough, the velocity function in the concentration boundary layer may be approximated as -a~ 2, and Eq. 19 may be further simplified as Sh = 0.7765aU 3 [22] Se 1/3
For the flow induced purely by a rotating disk, Sh/Sc 1/3 is 0.62048 calculated with a = 0.51023 and the above equation, which shows good agreement with the ones presented in the cited literature3< Practically, the Schmidt number is on the order of 1000 for diffusion in liquids, and Eq. 22 overestimates the mass transfer even at Sc = 1000. The error at Sc = 1000 is about 3% for the pure rotating-disk flow (K = 0) and 0.9% for the axisymmetrical stagnation flow (K = 1).
Experimental
Although the rotating disks used in the experiment were finite, the radii of the disks were considered very large when compared with the boundary-layer thickness of velocity or concentration. The flow can be treated as that caused by an infinite disk. Similarly, the radial diffusion is usually neglected due to the thinness of the diffusion layer compared with the radius of the electrode 32. In addition, the side wall of the electrolytic cell was set five times larger than the diameter of the disk to avoid the effect from enclosure geometry. In order to match the conditions considered in the theoretical analysis, we employed a rotating disk of which the radius (ro = 0.666 cm) was smaller than the radius of the nozzle (rn = 0.8 cm). The relative size of nozzle to disk makes the experimental condition closer to a uniform flow approaching to a finite disk so that the value of flow constant k can be determined. For comparison, we also employed another rotating disk of 'which the radius (ro = 0.9 cm) was larger than that of the nozzle. This electrode geometry is usually used in the investigation of impinging jet electrode. The determination of the hydrodynamic strength k depends on the geometry of the nozzle, the dimensionless nozzle height, and the exit flow condition, so a number of correlations are available 2~ Besides the two different disks were used in the measurements, the effect of the nozzle height on the mass-transfer rates was also demonstrated in our experiments.
The electrolyte was composed of 2 mM potassium ferricyanide, 2 mM potassium ferroeyanide, and 0.2M sodium sulfate. The viscosity and density of the solution at 25~ were determined to be 0.963 cp and 1.028 g/em 3, respectively. Analytical grade chemicals (Merck Co.) and doubly distilled water were used throughout. The temperature in all experiments was controlled at 25 +_ 0.1~ Nitrogen gas was bubbled through the solution for at least 2 h before each experiment and kept passing over it during the run.
The working electrode was a platinum disk of 0.457 cm in diameter embedded in a Teflon rod either 1.333 or 1.8 cm in diameter. The electrode was first polished with 0.05 lim alumina on a microclot h (Ecomet, Buehler) to a mirror-like finish. Then, it was treated electrochemically in 0,5M H2SO4 according to the method suggested by Gileadi etal. ~. The potential was set at 1.8 V vs. SCE for 10 s to oxidize impurities on the electrode surface and changed to 1.2 V for 30 s to remove oxygen formed at the higher potential. Then the oxides formed at the electrode surface in the previous steps were reduced cathodically by setting the potential at 0.05 V. This procedure was repeated five times.
In our experiments, the reduction of ferricyanide ion at the working electrode was used for limiting-current measurements. The current was obtained by scanning the potential from 0.3 V to -0.4 V vs. SCE with a scan rate 5 mV/s in the negative direction, which yielded current plateaus almost identical to the current obtained at the fixed potential Fig. 3 . As the applied voltage is increased, the current is first increased, and then leveled off to form a plateau. There seemed to be a slight upward slope for these polarization curves under various rotating speeds. It was attributed to the background current generated during scan as can be indicated in the polarization curve of 0.2M Na2SO4 blank solution. However, the background current was so small that the current plateaus could be taken as the limiting current for the reduction of ferricyanide. The diffusion coefficient of ferricyanide ion can be obtained from the relation between limiting currents and rotating speeds.
The experimental setup used to determine the masstransfer coefficient km is shown in Fig. 4 . Where there were two rotameters, one was used for flow rates between 0.5 and 4 liter/rain, and the other was used for flow rates greater than 4 liter/rain. A flow damper downstream of the rotameters was used to eliminate any disturbance in the electrolyte flow rate and to make the velocity profile more uniform before it entered into the impinging jet. In the electrolytic cell (see Fig. 5 ), an acrylic tube with an inside diameter of 16 mm located in the center of the bottom plate was used as a nozzle, and the nozzle-disk distance was 15 mm. A stainless-steel tube of the same diameter (7 cm in length) screwed to the acrylic tube served as counterelectrode. The limiting currents were measured by setting the potential at -0.3 V vs. SCE. At this applied voltage, it has been ascertained that all the currents were under masstransfer control in our experimental ranges. The current was measured for each flow rate at several rotation speeds. The currents were sampled at a rate of 0.01 s per sampling point, and the average value of one hundred samples was taken as one data point for current. From the relation between the limiting current density and the ion flux, the mass-transfer coefficient can be easily calculated, i.e.
k~ -n;Ci b -[23]
The limiting currents used for the determination of the mass-transfer coefficient k~ were found to fluctuate during the measurements. The fluctuation was small when the flow in the nozzle was laminar and became more obvious when the flow was turbulent. In general, it was about 2% of the average limiting current. The limiting currents were averaged to give a value for calculation of the mass-transfer coefficient. where il is the limiting current density in A/cm 2. The relation is valid no matter whether the flow at the nozzle exit is laminar or turbulent2% So the hydrodynamic constant k is related to the velocity of the forced flow U as 2U 1 k - [26] roll_ (r/2]1/2
Results and Discussion

\~ool J
If r/ro is small enough, which means in the region near the center of the disk, k may be expressed as
If the disk electrode embedded in the inert insulator is small enough, k can be evaluated from the above equation. Because the ratio of the disk electrode to the-small disk used in the experiment was re/ro = 0.228/0.666 = 0.343, it seemed more reasonable to take the average value of k from Eq. 26. The result is = rore sin ~ ro • (~o U) [28] For rJro = 0.343, k = 1.02 • (2/nro U). Therefore, even thou~h rJro is as large as 0.343, the difference between k and ~iis only 2%. In our calculation, k was used instead of k.
Mass transfer at the forced-convective rotating and stationary disk electrodes.--The dimensionless mass-transfer factors measured in this experiment are listed in (dashed line) is calculated according to Eq. 22, which is exact for very large Schmidt numbers. By comparing the experimental data with the complete solution, it is found that there is a satisfactory agreement if the flow in the nozzle is turbulent (Re > 4000; the Reynolds number is based on the diameter of the circular nozzle, i.e., Udn/v).
But the agreement does not seem good, if the flow in the nozzle is laminar (Re < 2100), especially when fa/K is small.
As we know, the velocity profile is parabolic in the nozzle for laminar flow. The velocity near the central line is greater than the average_velocity. Therefore, the calculated hydrodynamic strength k based on the average velocity U will be smaller than that based on the actual velocity. In order to account for the deviations caused by the k values in the laminer flow region, the velocity profile in the nozzle was considered and E should be corrected as
where ro = 0.666 cm, and U* represents the effective freestream velocity from the nozzle. The dimensionless masstransfer factors after replacing U by U* in the calculation of k is replotted and shown in Fig. 8 . As can be seen in Fig. 8 , the measured mass-transfer coefficients are in good accordance with the theoretical values. For turbulent flow in a smooth circular tube, the velocity profile over the cross section is much more uniform than that in laminar flow. So it is .not necessary to use Eq. 29 to correct k for turbulent flow. Figure 9 is the plot of Sh/Sc 1/3 vs. the relative rotating strength ~t for the theoretical values and the experimental results obtained by the larger disk (ro = 0.9 cm). The disk radius was used for calculating k and Sh. It is found that the deviations from theoretical values are more obvious than those obtained previously by the smaller disk (ro = 0.666 cm). The discrepancy reveals the evaluation of k by use of the disk radius is inappropriate if the disk radius becomes larger than the nozzle radius. In this case, however, the disk would be supposed to have the same radius as the nozzle, and the value of k could be determined accordingly. The results with this correction are replotted in Fig. 10 , and the agreement is shown to be improved. The same difficulty in estimating the hydrodynamic strength k had been encountered in the study of Chin and Tsang 21. The electrode used in their experiments was mounted in a Plexiglas plate, the diameter of which was larger than the diameter of the nozzle. Although they presented a theoretical equation as Eq. 22 with a = 1.3119 for predicting masstransfer rates, the experimental data were not compared with their theoretical values. Instead, the experimental data were correlated as two empirical equations. One is suitable for laminar flow, and the other for turbulent flow. We also applied our approach to determine the hydrodynamic strength k of the experimental results by Chin and Tsang 2~ The data were taken directly from their paper 2~ and the results for the stationary electrode impinged by a jet are shown in Fig. 11 . The mass-transfer factor Sh/Se 1/3 is independent of the Reynolds number in the nozzle, because the Sherwood number Sh involves the mixed flow strength X which can be related to the hydrodynamic strength of the forced flow from the nozzle. In general, the experimental data fall within 10% of the theoretical prediction, as well as their correlations could predict.
Effect of nozzle height on mass transfer.--Equation 29 is
based on the assumption that the velocity distribution near the exit of the nozzle is the same as that in the feed tube. As a rule, the core length of the jet extends 4.7 to 7.7 nozzle diameters 37. Thus, if the distance between the disk and the nozzle is not too far, Eq. 29 is suitable for calculating U*. Three distances (h/d~ = 0.125, 0.9375, 1.875) were taken for measurements in our experiments, and one of the results is shown in Fig. 12 . The dimensionless mass-transfer factor, Sh/Sc ~/3, for both h/d~ = 0.9375 and 1.875 was found to be almost the same. In fact, there were no differences observed over our experimental ranges of rotating speed of the disk and flow rate of the impinging jet. But in the case of h/d, = 0.125, the mass-transfer factor was obviously higher than those measured in the other two'cases. The difference became smaller as the rotating speed increased, because the mass-transfer rate for a forced-convective rotating disk was dominated by the rotating speed of the disk when the relative strength ratio of rotating speed to external convection was high. Scholtz and Trass ~ studied the effect of nozzle height on the mass-transfer rate from the impinging jet, and concluded that the mass-transfer rate was independent of nozzle height in the range of 0.5 to 12 nozzle radii. Our experimental results also confirmed their arguments. As the disk is too close to the nozzle, the flow exit for the fluid out of the nozzle becomes narrow and the boundary effect of the disk becomes more significant. The fluid accelerates rapidly in the radial direction as an outcome, of course, and the calculation of the hydrodynamic constant k becomes more difficult.
Although the theoretical analysis is based on the assumption that the external forced flow is laminar, the experimental results coincide with the theoretical prediction no matter whether the flow in the nozzle is laminar or turbulent. Indeed, turbulent flows in the nozzle are much closer to our theoretical consideration, i.e., the rotating disk is in uniform forced convection, because it is well known that the velocity distribution across the nozzle is more uniform under turbulent flow. The variation of hydrodynamic constant k with radius has been considered in this study but the dsitribution of mass-transfer rates in the radial direction has not been investigated yet. For the electrode used in the experiment, the variation of the hydrodynamic constant k along the disk-electrode surface is so small that the mass-transfer distribution at the forcedconvective rotating-disk electrode can be regarded as uniform.
Conclusions
The mass transfer for a rotating disk imposed by an external forced flow has been studied in this work. In addition to the theoretical analysis, the mass-transfer rates were measured by the electrochemical method. A comparison was made between the experimental and theoretical values. The corresponding mass-transfer rates were formulated from integrating the convective diffusion equation after the velocities were solved. An asymptotic expression has been obtained by taking the first few terms of the velocity profile, which is accurate down to Sc = 1. It has been found that the mass-transfer factors measured in the experiment are in good agreement with the theoretical values in the turbulent-flow region in the nozzle. For laminar flow in the nozzle, the accordance would be greatly improved if the velocity distribution in the flow is taken into consideration. 
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